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“1’hc  Ast,ro]nct,ric  IItiaging  “1’elcscopc will detect  extra-solar plmletary  syste~ns with il]]agirlg  aIId a.$troli]ctry.
‘1’hc  optical systc]n  contains a high-cfhcicrlcy coro]lagra])h slid scatter-collll)cllsated ]I]irrors to detect  Jul]itcr-sim
planets arou]ld  ncxwby stars. ‘1’he  optical systelll  also is distortio]l  free, tolerant to rnisalign]]lcllts,  and tolerant to
optical surface contarnillation. ‘1’llis allows for tllc astro[netric  ljrccisicJ1l to detect Uranus-]llaw  },lancts. A focal
plane guidm  and fil]c guiclance smlsor  arc other clelllc]lts  of tl]c ol)tical  dmig]l.

1. lNTl{,OI>UC~’10N

. . ~’he Astrol]lctric  l~nagirlg  ‘1’clcwcopc  (Al”]’) is a l,lan]led space-based olnmrvatory  designed to detect and study
})lanetary systelns  and circu~nstcl]ar  lnat,crial  arollnd  IIu]ldrcxls  of ]Iearl)y stars. ‘1’llc telescope ]jrovides light  to
two instru~ne~lts Lllat serially sllarc  the focal pl:ulc. ‘1’]Ic C)lltica] ‘1’C’IC!SCOI)C  Assmnl)ly  (() ’1 ’A) and c?]mncnts of the
At t i t ude  Contro]  Systmn  (AC;S)  ancl Scicrlce IIlstru[llents, cotlllJrisc tllc ol)tical  syste]ll.

‘J’he orl’A  consists of a ltitclley-C;llrdtiell  telescope, baf[lcs,  structural clclllcwts, and an optical bcvich.  ‘1’hc
strut.turc is a 3-tier, 1 &t)ipod,  gral)llite  epoxy lncteril[g  truss. It su}l]>orts  the j)ri]llary  and secondary mirrors and
maintains their aliglltnent. ‘1’here arc 4 rings i~lcluding tile titalliuln lIlain ring that holcls the prilnary.  Figure  1
SIIOWS the Orl’A.

‘1’hc  telescope has a zero-distortion optical clcwig]l and the tnirror  surfaces arc figured to provide a high level
clf scatter Colnpcnsation  over the central 5 arcsc-c of tile ficlcl of view. ‘1’al)le 1 shows tile Al’]’ optics clcsigll
paratllctcm..

‘1’hc  two Sc.icncc lmtrul[lcnts usc co][lj)le]limlt.ary  tec.}llliques  of ilnagi~ig and astromctry to detect and study
planetary systems. ‘1’he  first instrument, the Circurllstellar  ]Inager  (Cl), contains a high-cflic.icl]cy  coronagra])h
that reduc.cs diffracted ligl]t fro]n a ce]ltral star hy more than a factor of 1000. ‘1’his,  togetllcr  with reduced
scattering optics, allows direct i]naging  of Jupiter-size planets around rlearby stars. The  second instrummt, tile
Astrotnc%ric  llnagcr (Al), ]nakcs  accurate ~[leasurcrl]c]lts  of the cc]]troids  of target stars and rcfercmce s~ars  in
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“1’al~lc  1: Al’I’ lksign I’ara]nctcrs-.
I’ara]neter Vallle

“I;rilllary-iliarl]etcr ‘1.50 Ill
l’rir]lary  focal lc]]gth 7.48 Ill
PriIrrary  conic colwtarlt -1.0787
Secondary I)iallletm 0.44 1[”1
Secondary focal length -2.96 Ill
%c.onclary  conic corlst,ant -4.9381
I’rirrrary-sccor]  dary  sq}aratiori 5.50 rn
l]ack-focal  distarlce 0.50 rn
Systertl focal lmlgtlr 22.64 Irl
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‘liahle2:  A1’l’rl’olcrallcil]g
‘lolcrarlci
4: 250 UIII
* 30 arcscc
> 0.005
>0.01
> 1 ~]lrn
5% losses with 50 c]n scale width sl]owml
]Icgligihle effects

f i e ld s .  ‘1’hcmm-ciistortio~l  ol)tical  desigil allows thcsystc]]l tohc rol]ust:  ac.cura(c astrol]letric ]llcas{lrc]]lc~]tsarc
acllicvcd even iu the prcsrmcc  of rca.sonallly exl)cctcd o~)tical aberrations and c.outal[lill ation c]f optical surfaces.

l’llc  attitude control systcm  interacts with tlLc rest  of the optical systeln  ill two w’ays. First it reccivcs light
frorll the cclge of tllc scic]lcc  field of view. ‘1’hcf} it I)oil]ts tllc tclcsc.olJc and ]Ilaintaillstlie ])oirlti~lgstal)ility  t o
allow tllc scicncc ohsmvatiol]s.

‘1’lic followi]lg scct,ions  discuss ill SO]OC detail  each of tile i][l],orta]lt  and i],l]ovativc  cle]llcnt,s of the Al’J’ optical
Systc)ll.

2. 1’1114; l’EI,ItSC:OI’E I> ESIGN

“1’hc  astrornctric principle hchind  the Al is that a target star ca]l bc accurately located relative to a fixed
field of backgr-oulld  stars. ‘J’hc advantages aild (Iis:!clv;illt;igcsof  tl]is tecll]liquc, along wit]) several obsmvatiorlal
systcl[)s that utilim it, have been reviewed I)y Mol]et .] A tilllcscrics of r[lcasurmnents  of tllc target and reference
star positions will thc]l reveal wllethcr  tl]e target star Illovcs. l“or cxarn~)le, a star orhitirlg  tllc ccntmr of roam
of its planetary systcnn will slIow  a periodic lllc)~iol] relative to its rcfcrelice field. Measureincn[ts  of tllc stellar
})ositio]ls ill tllc field, liowrwcr, arc colllljlic.ated by f ie ld-  and till]c-clc])crlclc]it efl”ccts of tllc c)l)tical systm]).  For
tl]c AI, cclltroids  ofstcllar  il]lages arc used for ])ositio]ls. l)ist,ortio]l  ill tile o])tics shifts  LIIC  celltrc~ids  lcadil~g to
errors i]) tllc positliol]s. Worse, tl]e interaction of distortion with ot.ller abcrratio]is  SUCII  as as~iglllatislll  or with
conta]llillatioll  of the ol)tical  surfaces can lead to til[lf.-varyillg  I)ositioTial  errors. A zero-distortion o])tical syste~n
reduces this source ofcrror and is tliercforc  desirable.

Korsch clescribc(l  altitcllcy-Cllrdtiell zcroclistortic)rlo l)ticalsyste11l.
2 Ilissolutioll also had (tot tlirdordcr)  zero

spherical  al~crratroll arid zero co]]la. “1’hcentrallce  l)uj)il was l)laceci at the lJri[llary ]Ilirror. ‘1’his condition, along
with the requircrnellt  for a positive back focal c]istallcc, clrivcs tllc sccolldary-tw~)  riruary mirror diameter ratio to
heat  lmst 0.4. l]lfactl  avaltlc [lear0.55w’as  tlse(l illallc:irly ol)ticalclcsigll. ‘I’l]crc arctw’o cc~llscclllcllccs resulting
fro]]l  this ]argesccondary  design. l’irst,  the syste]n is very tolcrailt to ol)tical  ahcrratio]ls;  i.e. ],ositioual  errors
rc]]lainsrnallilI thcl)rcscnc.e  oflnacrosco})ic  tilts, dccellters,  or surface colitar[li]]atioll. ‘1’his i]]lI)rovcs ]Icrfc]rrnauce
of the Al. ]Iut  the second co~]scquc]lce  has a ~lcgativc ilnl)ac.t on corolla gral]h ])rrforlllaucc:  tlirouglit~ut  of the
corollagraph  c]rops  by asigtlillc.all  tl factor  as the c.c]it, ral oljscuratioll  iricreases, leadi]lg to all incrcmsc in tllc required
ohscrvillg  tilllm< lrorexa~o])let]lc  Slll?i]]SeCOIldary  sollitiotl  dcscril)ed hc]cw allc,wsa factor ofal)out 7  r e d u c t i o n
ill olmrving ti~[lcs.

“1’0 rcduc.c the size of tile secondary ]nirrc]r, we searched for zero- distortio]l  designs with tilt? cultra]icc  pu])i]
near  tile secondary. An additional co~istraillt  was i]ltrc)duced: tile pri][lary-  to-secondary  se])aration  could hc no
larger  than 5.5 III to fit into the required lau~lch  vcl]iclc  fairillg. Ma]lllart:~ arid Shu4 describe sr[lall-icco]ldary
solutiox]s  with l<orscll atld Korscl]-like de-signs havirigthc c]ltrallcc  puIjil ~lear tllc seco~ldary. “1’hc  design we CI1OSC
is shown in ‘1’able 1 above. S~oall-secolidary  designs arc less tolcrallt to aberrations tllall  large-scco~[dary dcsig]w,
hut no:]cthc]css  robust. “1’ablc2  lists thctolcrancesof the A1’1’dcsigll.

‘1’hc  ahove tolerances ap],ly wllcu a 3-paralneter fit to t}le rcfcrcllcc fields is elnplc~ycd. llsiug a 6-jmra~rlcter
fit relaxes the tolcrar]ccs  further at thccxi)clwc  c) fitlcrcascd obscrvi]lg  tilllc.5
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Figure  2: ‘lkst Configuration  for Sc?~ttcr-C~olll]Jcllsatccl  OIJtics.  S: spherical lnirror.  1“: reflecting flat.

3. SCAq’q’RIL-COMI’RNSAl’EI}  SLJIW’ACES

‘1’he Cl will produce direct ilnages  of Ju]jiter-sim  pla]]cts. ‘1’he ]jrifllary  difficulty for tllc i]nagi]lg is the
c.otltalllination  of planet ligl]t wit]] badcgrou]ld  light frolll its c.c]ltral  star. ‘1’llis is reduced ill two ways. I’irst.,  a
hybrid c.oro[lagraph (see below) reduces  the diffracted ligl,t  at tllc pla]let  l,ositiol~ by a factor > 1000. Second,
scatter-cornpcn.sated surfaces reduce sc.attercd ligl]t at ~]lid-s]]atial  frcqucvlcies, also by a factor of 1000. Mid-
spatial frcqucmcics  are critical bccausc  of Lllc positicl~l of the ]Jla]lets  relat ive to tllc stars on the focal plane. For
exalll])lc, a planet and a star 1-10 PC away with the Jll~)itcr-Sun scq)aratio~l  of 5 a.strollolnical  ul]its (au.), will
k se]~aratcxl  by 5-0.5 arcsec,  or al~out 50-5 diffraction radii. ‘1’bus, Iigl]t scattcritlg frorll stellar into planetary
positions arises  fronl o])tical fi.gurc errors with sl)atial  freque!lcics 50-5 cyclrw ])er a~)crture. ‘1’0 ac}lievc a factor
of 1000 scatter reduction, tllc integrated surface figllrc error over ttlcsc frequmlcies lllust  l)e less tl]all 3 }i. ‘1’lle
i~ltegrated ])owm spcctruln wllell cxtmided over all s])atial  frcqumlcics, a.ssullli]lg a cu])ic de})rv]de]lce,  results in
all iatcgratcxl  error of Icss thaa 7 A.

llcterlnillist.ic  polishing can create l[]irrors witl] tile desired figure. ‘1’lic challerlge is to ][lea.sure tllc IIlirrors
during  atld after  the process to ~~rodllce  allcl verify  t}le r e su l t s . A study concluded that twc) ~[[etllods could

succrxsfully  ]neasure  the fabricated optics .6 III a  “direct  test”  an arilllllar  zone otl the ~[[irror  cmltcred ori t h e
poil]t c,f ta[lgellcy  of a reference I)calll is tested. ‘1’IIc rest  of tile Inirror  is tested  Ly rl]easuring  ovcrla~]l)ing  zones
and stitching together  the rcsultso hlelozzi  et al. dcl]lo~lstrated  this Ioctllc)d .7 III a “shear test” tllc ~[lirror  is tested
with a null corrector and thml Illoved laterally al]d tested  again. ‘J’tlc slope of tllc wavefrollt  is retrieved frotn
the diffcrellcc between  lncaslire~neut,s  and integrated tc) yield tile figure error. Either  ]net})od wl)cTl irfll)lcnl]mlted
would  result  ill o])tics with ti]e required  scattering reduction over tllc elltirc  field of view.

IIowcvcr, it was rccog~lized by Ftaclas s that for tllc specif ic  ])rol)lc]]ls  clf l)latlct  allcl circu]]lstellar  ]nat,crial
dctectio]l,  tile full scattering reductiori  over the fllll field of view is overkill. “1’llc task is siln])lificd wllc]l the field
of view for the full scattering reduction is restricted to tl]c C.c]ltral 5-10 arcscc wllcrc tile circull]stcllar  actic)ll is.
First the pril[lary  a:ld sccolidary  ]nirrors  arc each figured to achieve a scatteri]lg  rcxlllctio]l of shout 100. ‘J’hml  the
]nirrors  ,are tested together and onc of thmn is figured to conlpelwatc  for tllc errors of tllc ottlcr  ill tile restricted
field of view. Figure  2 5I1OWS  the configuration for this test.

in the figure, S is the spherical fro~lt surface of all interfcrolnctcr  a[ld F’ is a reflecting flat of at)out  60 cm.
Fringes are forl[lccl between 1 and S, and l)y stitc.llitlg ovcrlal)pillg  regions a co]lll]lctc ~llal) of t}le al)erturc  is
forlned. ‘1’his test ofTcrs several advantlagcs: only otlc oj)tic needs the sccolid level of figuring, tllc? douhlc-pass
nature relaxes the knowledge rcquircvnel]t 011 tl]e reference orjtics, al)d tile o])tical systmn  is tcstccl M a unit.
Calc.ulatioms verify that this test addresses  a suflicimt ilcld of view.
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4. IIYIIILIII C: C) I{, ONAC;I{.AI’11

l~if[rac.tio~i  rccluctioll  is a llccessary  step fc,r ill~agillg j,]ancts. ‘1’hc  light fror]l  Lhc difTractioll wings of a star
is still 105 tilllcs  briglltcr  t,llan tile lig]lt fro]]]  a Jul)itcr-like  Illa!lct at the p]allet  locatiou. “1’I]c  A] ’1’ requircr[mnt
is to rcducc  the di~rac.ted light hy at least a factor of 1000 to allow sigrl:il cletcctiou at the 1% Icvcl. Starldard
corollagraplls  consist of hard-edged ocr-ult, itlg J[lasks irl the focal plane  and l,yotg stops in the I)ul)il plarle. ‘1’hese
arc. lilliitcd  ilk tl~c alnount of diffraction reductio~l i~l the central rcgiotls of the field. A hyhrid  corouagral)h
uses a graded occulting ~[lask (e.g. wit])  a Gaussia[l  edge) to allow rnuc]l  larger diffraction rcductiou  aloug with
itlcrcascd  throughput ]Ie,ar the center  of the field of view. ‘1’his is clt’arly sul)crior  for the circulnstellar  nlatcrial
and p]auctary detectiou  ])rohle~n. 10 ]{;}rc,l l,~tt,er ~,~rforl,larlcc  IIlay  he ])ossihlc  with a graded  I.Yot stc]l).l]

l,aboratory  tests  ofahyl,rid  cc)rol,agra])ll  (Iclllc,rlst,ratca  factorof 1000 rcducliol,  inscaitercd light  andvmify
tl)c.]l~odel. Figure 3 s]Iows  tllcsc results frc,rll t}lc Ia},oratory  c,c)rollagral~}i.

‘1’he o~,tical desig[l of  the AlrJ’ coronagral)h  is descril,cd  I)y SIIU.12 It directs tlIe light  to a ‘i6 111111 dia]netcr
j)aral)o]oid  wllic}l co}]iIIlates  tllebcalIl for t}lc ]Jyotst,o])s and filters. ‘Ilc t)ackrc-it[l:igiIlg  oJJtics area C&sscgraill
tdcsco])c  and two foldil,gflatsttlat direct  theligl,t totheCI CCI).

Nfodclillg  ofthccororiagraph  shows Lhat, ill addition toreclllci~lg{  liffractioll, it alsc)rrduccs  the scatter wings
associated wit}l low-order Y,erllikc al]erratiolls. ‘1’his ]Ilcans that tl]cre are IIo extrac,rdinary  requiremcmts  w i t h
regard  to focus, aligltlncnt,  or ~)c)illtillg. ‘1’his last issue leads itlto our discussic~n of the ])artsof  AC% that relate
to thco~,tica] systmn.

5. l’OINTINCJ  A N 1 )  STAIIII,ITY

‘1’hc  ACX uscs light  provided hy the IIlaiu telescol)c ol)tics tc) ],rovide t)lc pointing and stal)ility required for
tltcscimlcc ohscrvations.  It contaius  a l~ocal I’lane Guidcr  (F’]’(;)  that fullctio~lslikc  a star tracker aud sup])orts
the AI ohscrvatiolls.  A seco])d stage,  the PiIlc.(;\lidar}ceSystell~  (F(; S) su])ports  the }ligller  de]r)andsof  tl]e CH.
Figure 5 illustrates tl)c Irl’Cl/l;GS  collfig{lratiorl.
I,ight  fro~lltl,c cdgcof  tllcscicnce f ield is  picked c,ffby a~riirrorallcl sc]lt viarelayol)tics to t},c F1’G c;CI).
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‘1’his subsyste~n Ijrovidcs 0.2 arcscc pointing  accuracy and stability (over 30 minutes). When the AI is observing
this is the final stage of the pointirlg syste]I1. SirIce the AI ~nakes relative tnc<wure!ncnts  ktwcen stars in the

sa]llc field, extraordinary I)oillting  stability is not required. Care nlust  be taken only that the stability irl the
frequency band ill which the observations arc taken ( 0.03-0.1 117,) is ][~ailltained  at tile level of the required

scicncc  accuracy.

When the Cl is observing, an occulting s~)ot,  part of the hybrid coronagraph,  is moved onto the optical axis

at the focal plane< ‘1’his spot reflects the rejected li,gllt froln the central star into the FGS relay optics and then
to the FGS CX1l. ‘llc FGS subsystmn  provides 0.05 arcsec. pointing accuracy and 0.01 arcsec stability (over 30
IIlinutes)  aud is t,hc second s(,agc  of the pointing  systml. q’his stahi]ity is sufficient to keep tile cc~ltral star on the
oc.c.ultil)g  s]mt wi~l~out  sigl~ifical~t  leakage around t}lc eclges. As mentioned shove the model  indicates that low
order Zcrllike aberrations in this  syste~[l  arc sul)prrssed  by the corona graph.

‘1’his lCVCI of pointing stability is si~nilar to t}lat obtail)ed  with the ]Iuhblc  S1>ace ‘I’clescope.  ]3’14 ‘1’he  problem
of ]~c)i~]ting  is col]siderably  eased for Al”l’ for several rcasc)ns. First AI’1’  is a .sInaller  telescope (about 2500 kg
coll]parcd  to 11S1’ 11000 kg) with ]owcr I[lolllcnts  of i~lertia. Next, there have bec~l considerable advances using
CC1)S ill pointing  systems over the last several years (e.g. ref. 15). Finally, tile  “guide” star is automatically
avail ah]c irl Al’l’/Cl ohscrvations,  it is located in tllc celltcr  of the field, and it is hrig}lt,  at least  tlth Inag.
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